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THE STUDY OF HUMAN VENOUS  SYSTEM  DYNAMICS  USING HYBRID COMPUTER MODELING. 

M.F. Sr y ler and V.C. Rideout x R t  

In t roduct ion:  

Simulat ion  s tudies   of   the   venous  system  have  lagged  behind similar s t u d i e s  

of t h e  arterial  sys tem,   l a rge ly   because   o f   d i f f icu l t ies   due   to   the   p resence  

o f   n o n l i n e a r i t i e s   i n   t h e   v e i n s ,   r e s u l t i n g  from the phenomenon o f   co l l apse  

and t h e  effects of  venous  valves.  Time-varying  changes in   pa rame te r s  re- 

p resen t ing  effects of   venous   tone   and   per iphera l   res i s tance   add   to   the  

d i f f i c u l t i e s  of simulation. However, it i s  prec ise ly   these   complexi t ies  

which make s imulat ion  necessary i f  t h e   i n t e r a c t i n g  effects i n   r e s p o n s e   t o  

va r ious   i npu t s  are t o  be  understood.   Early  a t tempts  at  system  simulation, 

including  the  veins ,were made i n  which e i t h e r   l i n e a r i t y  was assumed, or 

i n  which some n o n l i n e a r i t i e s  were inc luded ,   bu t   i n  which t h e  modeling was 

not   very   de ta i led?  A s imulat ion  s tudy was begun at  Wisconsin3y4,   therefore ,  

w i t h   t h e   i n i t i a l   o b j e c t i v e  of developing a model  which  would i n c l u d e   t h e  

fo l lowing   fea tures :  

1 

1) Simulation  of  the  f luid  mechanics  of  the  complete  cardio- 

vascular   loop ,   wi th   g rea tes t   de ta i l   in   the   sys temic   venous  

system. 

2 )  Inclusion  of   the  effects   of   venous  col lapse i n  t h e   l a r g e r  

ves se l s .  5 

3)   Inc lus ion   of   venous   va lves   in   the   l eg   ve ins .  

4)  Inclusion  of  a c o n t r o l   l o o p   f o r   h e a r t   r a t e  and s t r eng th  of 

contract ion  control :  ' 2 s  determined  by  carot id   pressure.  

Also,  a t r i a l  as w e l l   a s   v e n t r i c u l a r  pumping was used i n   t h e  

modeling of t h e   h e a r t .  

5 )  Inc lus ion  of e f f e c t s  on t h e  venous  system  of  changes i n  

p re s su re  due t o   b r e a t h i n g   ( i n   t h e   t h o r a x ) ,  abdominal  con- 

t r a c t i o n s 8 ,  and l e g  muscle  contractions.  

6 )  Inc lus ion   of   venous   tone   cont ro l  effects ,  based  largely on 

t h e  work of Alexander , as well as p e r i p h e r a l   r e s i s t a n c e  

control   based on work by  Sagawall  and Dick . 
9, lO 

7 

7 )  Inc lus ion  of t h e  effects o f   g r a v i t a t i o n a l   f o r c e s   i n   s u c h  a 

way t h a t   t h e  effects of tilt-table tests as well as accelera- 

t ion  changes  could  be  s tudied.  

* Electronic   Associates   Inc. ,  Long Branch, N . J .  

** Univers i ty  of Wisconsin  and (1970-71) Medica l   Phys ics   Ins t i tu te ,  

Utrecht , Holland. 
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After t h e  first r e p o r t s 3 y 4  on t h e   s t u d i e s  made wi th   t he   mode l ,   f u r the r  

d e t a i l e d   s t u d i e s  were made i n  which an  improved  model was used  which 

had e i g h t   p a r a l l e l  pathways  (see  Figs. 1 and 2 )  i n   t h e   s y s t e m i c   c i r c u i t ,  

and i n  which cer ta in   overload  problems were overcome t o  p e r m i t   b e t t e r  

s imula t ion  of t he   Va l sa lva  maneuver. Some of the   response   curves  were 

re-run, and a number of new s t u d i e s   o f   t h e  effects of va lve   de fec t s  e tc .  

were made. Descr ip t ions   o f   on ly  a few of   these  new r e s u l t s  have  been 

published 12y13, and t h i s   r e p o r t  w i l l  s e r v e   t o   g i v e  a complete  picture of 

s t u d i e s  made w i t h   t h e  model a t  var ious  times dur ing   the  last 1 2  months 

throughout  which it was kep t   i n   ope ra t ing   cond i t ion -  

RESULTS : 

N e w  r e s u l t s   o b t a i n e d   w i t h   t h e  model of  Fig.  2 f o r  a Valsalva maneuver 

i n   h o r i z o n t a l   p o s i t i o n  are shown i n   F i g .  3 (and  repeated for a g r e a t e r  

paper   speed  in   Fig.  4 ) .  Theycompare closely  with  reported  dynamics.  

The ca rd iac   ou tpu t   cu rves   fo r   t he  l e f t  and r i g h t   v e n t r i c l e s  are p a r t i -  

cu l a r ly   i n t e re s t ing .   F igu re  5 shows a number of venous  var iables   during 

t h e  same maneuver ,   not   previously  reported.  Note t h e  comparison  between 

t h e   v e l o c i t y  WAVC i n   t h e  abdominal  vena  cava  from t h e  model,  and t h e  

I V C  ve loc i ty   r epor t ed  by  WexZer (shown in   F ig .  3 ) .  

Fig.   6(a)  shows a Va l sa lva   t r ans i en t   i n   t he  head-up p o s i t i o n ,  showing 

i n t e r e s t i n g   d i f f e r e n c e s   ( a s  compared w i t h   t h e   h o r i z o n t a l   p o s i t i o n )   i n  

h e a r t  ra te ,  and i n  P LoLv, the   lower  leg  vein  pressure.   Figure  6(b)  shows 

s t i l l  g r e a t e r   h e a r t  ra te  change for a Va l sa lva   i n   t he   ho r i zon ta l   pos i -  

t i o n  a f te r  a hemorrhage of  about 1 0  % of   total   b lood  volume,   while  P 

i s  sharply  reduced. 

Figures 7 and 8 show Miiller maneuver r e s u l t s   ( f o r   h o r i z o n t a l   p o s i t i o n ) .  

This maneuver was achieved  by making i n t r a t h o r a c i c   p r e s s u r e s  PITH=-10 mmHg 

and  intra-abdominal  pressure PIA6= t10 mmHg fo r   abou t  1 2  sec.   Note  the 

inc rease   i n   ca rd iac   ou tpu t  and   dec rease   i n   hea r t   r a t e   i n   t h i s   maneuver ,  

which i s  e s sen t i a l ly   t he   oppos i t e   o f   t he   Va l sa lva .  The g r e a t   i n c r e a s e   i n  

WAVC (abdominal  vena  cava  velocity)  in  Fig.  7 shows t h a t   t h i s   v e i n  is 

c l o s e   t o   c o l l a p s e   d u r i n g   t h i s  maneuver. 

Figure 9 shows t h e  Mtiller  maneuver i n   t h e  head up p o s i t i o n ,   w i t h   r e s u l t a n t  

i n c r e a s e   i n  PLoLv and  reduced  change i n   r i g h t  a t r i a l  pressure  P 

Figure 1 0  i s  f o r   t h e  same condi t ion ,  b u t  wi th   changes   in  PITH 

doubled. 

x 

LOLV 

RA' 

and 'IAB 

'See g lossary  of symbols 
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Figure 11 shows t h e   r e s u l t  on venous  variables  of a normal tilt (from 

h o r i z o n t a l   t o   v e r t i c a l   p o s i t i o n  and return)   fol lowed  by a second similar 

maneuver wi th  500 cc of  blood  removed. It can  be  seen by examining FAVC 

t h a t  a much longer  t ime is needed t o  ach ieve   s t eady   s t a t e   i n   t he  head-up 

pos i t i on .  A l s o  n o t e   t h a t   p u l s a t i o n s  more completely  disappear  from  the 

jugular   ve in  as shown by its p r e s s u r e   t r a c e ,  

Figure 1 2  taken a t  fas te r   paper   speed ,  shows var ious  venous  var iables  

under   normal   resp i ra t ion   in   the   hor izonta l   pos i t ion .  

In   Figure 13 a s l i g h t l y   d i f f e r e n t   i n t r a t h o r a c i c   p r e s s u r e  wave due t o  

brea th ing  was used  following a suggestion by Dr. W.B. Youmans. This  

more c o r r e c t   p r e s s u r e   p a t t e r n   f o r  PITH ( in   p l ace   o f  a r e c t i f i e d   h a l f - s i n e  

wave) h a s   n o t   g r e a t l y   a f f e c t e d   t h e  venous  waveforms. 

The success   o f   t h i s  model in   reproducing   the   responses   cor responding   to  

several  standard  maneuvers i n   c o n s i d e r a b l e   d e t a i l   e n c o u r a g e d   u s   t o   t r y  

fur ther   exper iments   wi th   the  model as suggested by var ious   phys io logis t s .  

The remain ing   f igures  show t h e   e f f e c t s  of   var ious   hear t   defec ts  on 

r e s p o n s e   t o   t i l t - t a b l e  and Valsalva  maneuvers. 

Figure 1 4  again shows normal  system  responses  for a Valsalva  t ransient(V) 

followed by a tilt (T) t o   t h e  head-up pos i t i on  and  back.  Figure 1 5  shows 

t h e   e f f e c t  o f   t he   i n t roduc t ion   o f   an   ao r t i c   va lve   i n su f f i c i ency   w i th  a 

back r e s i s t a n c e   o f  Rai = 1000 a t  a po in t   i n   t ime  marked by an  arrow a t  

t h e  bottom  of t h e   f i g u r e .  Note t h a t   t h i s   d e f e c t ,  which g ives   t he   u sua l  

i n c r e a s e   i n   a r t e r i a l   p u l s e   p r e s s u r e ,   r e s u l t s   i n   v e r y   l i t t l e  change i n   t h e  

response  to   Valsalva  and tilt. Even with a more seve re   ao r t i c   va lve  

insuf f ic iency   of   back   res i s tance  Rai 100 i n   F i g .  16, with  conside- 

rab ly   increased   pu lse   p ressure   var ia t ions   these   major   t rans ien ts   a re   no t  

much a f f ec t ed .  

Figure 1 7  shows t h e   e f f e c t s  of a mi t r a l   va lve   i n su f f i c i ency  (R - 500) .  

Here t h e   e f f e c t s  on p u l s a t i l e  waveforms are   smal l ,   bu t  some s l i g h t   e f -  

f e c t  on t h e   h e a r t   r a t e   t r a n s i e n t  as compared with  the  normal  response 

i n   F i g .  1 4  can  be  seen. Much the same r e s u l t  is obtained  (Valsalva  only) 

f o r  a mitral valve  back  res is tance  of  200 (Fig.  1 8 ) .  

In   Figure 1 9  t h e   e f f e c t s   o f   t h e   i n t r o d u c t i o n   o f   a n   a o r t i c   v a l v e   s t e n o s i s  

o f   r e s i s t a n c e  R 133 a r e  shown. Th i s   de fec t   causes   i nc reased   l e f t  

v e n t r i c u l a r   p r e s s u r e ,   b u t   o t h e r w i s e   l i t t l e  change i n   p u l s a t i l e   r e s p o n s e .  

In  Valsalva  and tilt t h e   h e a r t  rate t r a n s i e n t  shows most v a r i a t i o n  from 

normal,   with l i t t l e  downswing but a considerable   increase.  

'JV. 

x 

m i  - 

as 

dynes / cm 
ml./sec. 

2 
'Resistance  values i n   t h i s   p a p e r  are c .g . s .   un i t s   o f  
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Two d e f e c t s  were   in t roduced   s imul taneous ly   in   F ig .   20 ,   aor t ic   s tenos is  

(Ras = 133)  and mitral in su f f i c i ency  (Rmi = 100). Here a number o f   d i f -  

f e r e n c e s   i n   r e s p o n s e   t o  a Valsalva maneuver may be  seen i f  t h i s  re- 

s u l t  is compound wi th   the   normal   resu l t s   o f   F ig .  14. Heart rate shows 

no  negat ive  swing,   and  has   an  even  larger   increase  than  in   Fig.  19.  

However a l l  t r a n s i e n t  changes  appear t o  be  slowed, as can  be  seen 

most c l e a r l y  by examining t h e  l e f t  v e n t r i c u l a r   p r e s s u r e .  

In   F igure   2 l  two d e f e c t s  are aga in   in t roduced   s imul taneous ly ,   th i s  

t i m e   a o r t i c   s t e n o s i s  (R = 133)   and   aor t ic   va lue   insuf f ic iency  (R - as a i  - 
1000) .  A l though   t hese   de fec t s   r e su l t   i n  a considerable  change i n  ven- 

t r i c u l a r  and a o r t i c   p r e s s u r e  waves, the   Valsa lva  and tilt t r a n s i e n t s  

do n o t   d i f f e r   g r e a t l y  from  normal  system  responses. 

In   F igure   22   the   e f fec ts   o f   Valsa lva  and tilt i n  a system  with  an 

a t r ia l  s e p t a l   d e f e c t ,  first o f   r e s i s t a n c e  R 100  then   o f   r e s i s t an -  

ce  R 10 ,  are shown. Here some changes i n   t r a n s i e n t   r e s p o n s e  

may b e   n o t e d   - p u l s a t i l i t y   t e n d s   t o   d i s a p p e a r  from t h e  sv t r a c e  

during  Valsalva,  and t h e   t r a n s i e n t  changes  adjust  more r a p i d l y  

t h a n   i n   t h e  normal case. Right   ventr icular   output   drops by more 

than a normal amount and l e f t  ven t r i cu la r   ou tpu t  by l e s s ,  showing 

t h a t   t h e   s h u n t  is e f f e c t i v e l y  from r i g h t   t o  l e f t .  

If a v e n t r i c u l a r   s e p t a l   d e f e c t  is i n t r o d u c e d   ( f i r s t   f o r  R = 10000,  

t h e n   f o r  Rvsd = lOOO), then  as shown i n  Fig.   23  the main e f f e c t  is 

a n   i n c r e a s e   i n   r i g h t   v e n t r i c u l a r   p u l s e   p r e s s u r e ;   t r a n s i e n t  waveforms 

are not  much af fec ted .   Right   vent r icu lar   ou tput  is now l a r g e r   t h a n  

le f t  vent r icu lar   ou tput   because   o f   l e f t - to - r igh t   shunt   th rough  the  

v e n t r i c u l a r   s e p t a l   d e f e c t .  If Rvsd = 500, as i n  Fig.  24, it can  be 

s e e n   t h a t   v a r i o u s   e f f e c t s   a r e   g r e a t e r .  Here it i s  o f   i n t e r e s t   t o  

examine t h e   v a l u e s   o f   r i g h t   v e n t r i c u l a r   o u t p u t   b e f o r e   t h e   d e f e c t  

is in t roduced ,   a f t e r  it is introduced,  and a t  t h e  end  of the   Valsa lva  

maneuver; t h e   v a l u e s   a r e  80, 123  and 80 ml/sec.  Corresponding  values 

f o r   t h e   l e f t   v e n t r i c l e  are 11, 68 and 35.  Thus with a l a r g e   v e n t r i -  

c u l a r   s e p t a l   d e f e c t   t h e   r i g h t   v e n t r i c u l a r   o u t p u t  i s  great ly   reduced 

during  Valsalva,   but   the   proport ional   change is l e s s   f o r   t h e   r i g h t  

ven t r i c l e   (80 /123)   t han   fo r   t he  l e f t  (35/68) .   (The   s l igh t   d i f fe rence  

i n  normal l e f t  and r i g h t   v e n t r i c u l a r   o u t p u t s   r e s u l t s  from dome d i f f i -  

cu l ty   w i th   ga t ing   o f   t he   ou tpu t   f l ow  pu l ses ,   bu t   does   no t   s e r ious ly  

a f f e c t   r e s u l t s ) .  

Figure 25 shows t h e  same t r a n s i e n t s   f o r  a s t i l l  l a r g e r   v e n t r i c u l a r  

s e p t a l   d e f e c t   o f  Rvsd 250. 

asd 

as d 

vsd 
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Discussion: 

Mathematical  models  of  the  cardiovascular  system  of  considerable 

complexity  nay be set up to r u n   i n   r e a l   t i n e  on a modern hybrid 

computer .   Such   s imula t ions   a re   par t icu lar ly   in te res t ing  i f  t h e  

nonlinear  and  t ime-varying components  of t h e   h e a r t  and  venous 

system are inc luded   i n   t he  model. A first attempt  has  been made 

to do t h i s   k i n d  of modeling,  and  verification  of  the model  has 

been  based  on  waveform  comparison  and  comparison  of  response 

to Valsalva,   Miil ler  and  t i l t- table  disturbances  of  the model  with 

t h o s e   i n  a normal human, a s   r e p o r t e d   i n   t h e   l i t e r a t u r e . .  

Parameter  estimation  schemes may be  used i n   t h e   f u t u r e  

to more c l o s e l y  match  a  model to an ind iv idua l  from c e r t a i n   d a t a  

is ava i l ab le .  

This model  has  been  used t o   s t u d y   t h e   e f f e c t s   o f   c e r t a i n   h e a r t  

de fec t s  on the   c i r cu la t ion   du r ing   t r ans i en t s   (Va l sa lva  and t i l t )  

which  have  a  major e f f e c t  upon the  systemic  venous  blood  pressure 

and  flow. 

It should be  emphasized tha t   r e su l t s   ob ta ined   w i th   t he  model 

are only   as  good a s   t h e   s t r u c t u r e  and  parameter  values  of  the 

model permit.  However, it i s  q u i t e   p o s s i b l e   t o  improve t h e  model 

i n  form  by  adding  components t o  it as  needed,  even to t he   ex t en t  

of  adding  mass  transport   circuits16, which  can  be  adapted t o   s y s -  

tems wi th   co l laps ing   vesse ls17 .  The p o s s i b i l i t y  of improvements 

i n  parameter est imat ion  has   been  referred to above. The model 

reported  here  should  be  regarded  as an elementary  framework  which 

may be adapted  or  augmented fo r   fu tu re   mode l ing   s tud ie s :   d i r ec t ions  

which these  changes  take  should be guided much more by physiolo- 

g i s t s   than   engineer -modelers .  
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GLOSSARY OF SYMBOLS 

- Head small ve ins  

- Jugu la r   ve in  

- Superior  Vena Cava 

- Upper and   lower   caro t id   a r te ry  

- Right  and l e f t   a t r i u m  

- Right  and l e f t   v e n t r i c l e  

- Pulmonary a r t e r y ,   c a p i l l a r i e s  and ve ins  

- Ascending a o r t a  

- Thoracic  vena  cava  and  aorta 

- Cel iac ,   super ior   mesenter ic   ve in   and   a r te ry  

- P o r t a l   v e i n  

- Renal  veins  and  artery 

- Abdominal  vena  cava  and  aorta 

- In fe r io r   mesen te r i c   ve in  and a r t e r y  

- Abdominal s k i n  venules 

- Femoral  vein  and  artery 

- I n t e r n a l   I l i a c   v e n u l e s  

- Upper l e g   v e i n s  and a r t e r i e s  

- Upper leg   venules  

- Lower l e g   v e i n s  and a r t e r i e s  

- Lower l eg   venu les  

- I n t r a t h o r a c i c  

- Intra-abdominal 
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UPPER AND 
LOWER MESENTER 

IN AND MUSCLE 

Fig.1.  Simplified  diagram  showing  the main pathways i n  

culatory  system  incorporated  into  the model. 

!IC 

t h e  human cir- 
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,"""""""- - - - - . - - - - -  -1 

"_""" 

Fig.2. Model of t h e  human cardiovascular  system  used i n  t hese   s tud ie s  

( c i r c u i t s   f o r   c o n t r o l  of hea r t ,  venous  tone  and  peripheral resis- 

tance are not shown. 
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Fig.4. Same as model resu l t s  of Fig. 3 ,  but at faster recorder  speed. 
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Fig.5.  Valsalva meneuver in  the  horizontal   posit ion - venous variables 

( t h i s  and all remaining figures measured from the model of  Fig.2) 
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Fig.6.  Valsalva i n  head-up tilt p o s i t i o n ( 1 e f t )  and same after 500 m l  
hemonhage ( r i g h t )  
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Fig.7. Miiller maneuver in  horizontal  position(P =-lOmmHg,PIAb=+lOmmHg) ITh 
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Fig.9. niiller maneuver in head-up tilt position(PITh=-lQmrHg,PIM =+lonrmHg) 
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Fig.10. Same as Fig.8 but with PITh=-20 d g ,  PIAb=+20 W g .  
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I I 

Fig.11. T i l t  t o  head-up tilt posi t ion  before  and af ter  500 m l  hemorrhage 

(t ime of  hemorrhage  between  arrows at bottom  of f igu re )  
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20 

Fig.12. Various variables measured in  the venous system of the model  under 

normal respiration  in  the  horizontal  position. 
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Fig.13. Several  venous  variables  using a slightly  modified PITh waveform. 
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F i g .  14 .  Various n o r m a l   p r e s s u r e s  from t h e  model and  a n o r m a l   r e s p o n s e  t o  

a V a l s a l v a ( V )   a n d  a t i l t ( T )  m a n e u v e r .  
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F i g . 1 5 .   I n t r o d u c t i o n   o f   a n   a o r t i c   v a l v e   i n s u f f i c i e n c y   d e f e c t   w i t h  a r e v e r s e  

v a l v e   r e s i s t a n c e  of 1000 f o l l o w e d   b y  a V a l s a l v a   a n d  tilt. 
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Fig.17.  Introduction of a  mitral  valve  insufficiency  defect with a  reverse 

valve  resistance  of 500 followed by a  Valsalva and tilt maneuver. 
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h.., .... 

Fig.f8. Sare defect as i n  Figure  17 but with a reverse  valve  resistance of 200. 
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F i g . 1 9 .   I n t r o d u c t i o n   o f   a n   a o r t i c   v a l v e   s t e n o s i s   d e f e c t   w h e r e   t h e   f o r w a r d  

v a l v e   r e s i s t a n c e  is i n c r e a s e d   t o   1 3 3 ( 1 0  times t h e   n o r m a l   r e s i s t a n c e  

of 1 3 . 3 ) f o l l o w e d  by a Valsa lva   and  tilt. 
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Fig.20. Introductions  of  two  defects  simultaneous1y:aortic  valve  stenosis 

with  a  forward  resistance  of 133(lst arrow)  and  mitral  valve  insuf- 

ficiency  with  a  reverse  resistance  of  100(2nd  arrow)  followed by a 
Valsalva  maneuver. 
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Fig.21.  Introduction of two defects   s imultaneously:   aor t ic   valve  sIxnosis  

with a forward resistance of 133(ls t   arrow)  and  aor t ic   valve  insuf-  

f ic iency   wi th  a forward  resistance  of  1000(2nd  arrow)  followed by 

a Valsalva  and tilt maneuver. 
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Fig.22. Introduction of an  atrial  septal  defect  for  two  different  resis- 
tance  values  thru  the  septum,  namely, 100 (1st  arrow)  and lO(2nd 
arrow)  followed  by a  Valsalva  and  tilt  in  both  cases. 
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F i g . 2 3 .   I n t r o d u c t i o n  of a v e n t r i c u l a r   s e p t a l   d e f e c t  f o r  t w o   r e s i s t a n c e  

v a l v e s   t h r u   t h e   s e p t u m ,   n a m e l y  10,1000(lst a r r o w )   a n d  1000 ( 2 n d  

a r r o w )   f o l l o w e d  by a V a l s a l v a   a n d  t ilt .  
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Fig.24. Same v e n t r i c u l a r   s e p t a l   d e f e c t  as i n   F i g u r e  2 3 ,  but  with a s e p t a l  

r e s i s t a n c e   o f  500 followed by Valsalva  and tilt. 
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Fig.25. Same v e n t r i c u l a r   s e p t a l   d e f e c t  as in   F igure   24 ,   bu t   wi th  a s e p t a l  

r e s i s t a n c e   o f  250 followed by a Valsalva and tilt. 
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